Abstract. This article presents the application of a thermo-hydro-chemo-mechanical (THCM) model to a real complex structure of reactor confinement (mock-up VERCORS from EDF) by taking into account the specificities of the construction (construction consequences), the distributed reinforcements and the material heterogeneity of massive structure. The experimental campaigns were conducted during and after the construction of VERCORS. The early-age behavior of concrete is first modelled based on a multiphasic hydration model to ensure the thermal evolution. Then a 3D mechanical model is used to predict the consequences of hydration, temperature and water variations on mechanical behavior. An alternative approach to consider the structural effect of distributed reinforcement without explicit meshing of reinforcements is implemented and is able to reproduce the influence of reinforcement on the crack patterns. Moreover, the "Weakest link localization" method is also adapted to deal with a probabilistic scale effect due to the material heterogeneity of massive structure. It permits to assess directly the most likely tensile strength which can treat the first crack in softening part of the loaded volume of structures.
Introduction
The work presented here was performed in the framework of the French national project ANR-MACENA-PIA. This study is part of the project dealing with the early-age behavior of reinforced concrete structure under thermos-hydro-chemo-mechanical (THCM) loads. One of the objectives of this component was to test and validate the THCM models available in the French scientific community for predicting the early-age crack patterns on a real experimental mock-up of a reactor, called VERCORS, thanks to EDF. The particularities of this study focus on the modelling of reinforced concrete and the massive structure.
The main problem of prediction of cracking in large structures is the assessment of tensile strength for ductile materials with softening behavior. The probability of defects is more presented as the volume of structure increases. This phenomena is well known as the Weibull scale effect and can be modelled using the Weakest link and localization method [1] . The origin of this scale effect was discussed in [2] . For a metric element, the tensile strength can be reduced by 50% from the measured strength by means of a split test on decametric-sized specimens. That is reason that the need for considering this phenomena is necessary.
Moreover, regarding to the modelling of the early-age behavior of reinforced concrete structure, the meshing of reinforcements and time-consuming calculation are still the problems for massive structures. In the literature, there are two approaches that have been frequently used to model the reinforced concrete structure by meshing the bar elements. The first one [3] is to model a volumetric interface element of bar element that that occupies the real volume of the steel bar in the center of which a bar element is integrated with the properties of steel. The second one [4] which can be adapted to avoid the interface element is a zero thickness four-node element which relates each steel truss element with a segment superimposed with the steel element and perfectly bonded to the surrounding concrete. Even though these approaches can reproduce the bond mechanism between steel and concrete, they have their own limits such as explicit meshing of reinforcements and computation time. In order to avoid these difficulties, the structural effects of reinforcements can be considered as equivalent the ones due to orthotropic distributed reinforcements.
In this study, a THCM model initially developed in laboratory LMDC was used to predict the early-age behavior of concrete mock-up VERCORS with integration of probabilistic scale effect, accompanied by the hydration modelling in order to verify the thermal loads. Beside this, a comparison of concrete and reinforced concrete on cracking patterns is conducted following by the experimental results.
The aim of this paper is to demonstrate the applicability of integrated models to predict early-age crack patterns on a real massive reinforced concrete structure. The massive mock-up of a reactor VERCORS was thus used in this objective.
Presentation of nuclear containment mock up VERCORS
In the framework of EDF's continuous effort on the safety and life extensions of nuclear power plants, an experimental mock-up of a reactor containment-building at 1/3 scale was built at Renardieres near Paris. The so-called VERCORS [5] mock-up is a double wall containment (H=30m, Ø=16m). This mock-up was finely instrumented so that its behavior could be monitored from the beginning of the construction. The structure tested in this paper is a part of the internal containment (Fig. 1) . The formulation of VERCORS concrete casted with a CEM I 52.5N cement is given in Table 1 . 
General presentation of THCM model-LMDC

Thermo-hydro-chemo-mechanical model
First, the thermal behavior of the concrete structure is estimated thank to a multiphasic hydration model [6] based on the coupling between hydration, water content and temperature. Then the 3D mechanical model [7] is used to predict the consequences of hydration, temperature and water variations on mechanical behavior. This model allows to take into consideration several important phenomena such as the creep, shrinkage, thermal deformation and internal pressure effects and to estimate cracking risk. The general form of total stress in the matrix is given by equation (1) (1 )
With ijkl D the damage variable, 
With th E is Young modulus for the material supposed completely hydrated, thr α is the hydration threshold corresponding to the concrete solidification [9] , n is the non-linearity coefficient. The De Schutter's equation form (4) can be used for the mechanical property such as compressive strength and tensile strength. The equivalent capillary pressure can be modelled with two parameters ( shr M and k ) thank to Van-Genuchten model [10] as a function of the saturation rate Sr as follows: 
Probabilistic scale effect
After receiving the data on mechanical properties from different partners in MACENA project, we can notice a remarkable dispersion of the values in Fig. 4 , especially at 28 days. The tensile strength is an important criteria to treat the cracking of concrete, but it's hardly to find its reliable value despite a large amount of samples because there is another impact of material heterogeneity which is unavoidable particularly for massive structure like reactor VERCORS. Fortunately, the random distribution of tensile strength leading to a probabilistic scale effect can be dealt with an alternative approach, called "Weakest Link Localization" [1] thank to the Weibull's concept. This approach is capable to assess directly the most likely tensile strength, which treats the first crack in a softening part of the loaded volume of structures, via the following law (8) . The scale effect can be presented through the curve (Fig. 4d ) that shows the diminution of tensile strength when the size of volume increases.
In Eq. (8) 
And the equivalent loaded volume ( ) eq M V is defined as follows:
With ( ) M ψ the weighting function (11), β the loading index (12), Ω the structure, and d Ω a structure infinitesimal volume.
Where ( ) d M the distance between point M and its nearby point, cp l the characteristic length of probabilistic weighting function whose usual value is 0.5m for a concrete.
( )
With I σ the principal tensile stress
Application to structure VERCORS
Determination of model parameters
During the project, the thermal and mechanical characterization tests of concrete were conducted in situ and in laboratories, which allowed the fitting of model with precision. The three fitting parameters of the multiphasic hydration model were determined by an inverse analysis on an adiabatic test conducted at laboratory CEBTP. The thermal parameters of concrete used in MACEA project were determined experimentally and provided in Table 2 . 
The instantaneous characteristics of concrete (strengths, Young's modulus) increase as the material hardens. So the De Schutter's law (4) is adopted to consider the effect of hydration on these mechanical properties. The parameters used for this law are shown in Table 3 with illustration of the evolution of characteristics in Fig. 4a , 4b,4c. 
Mesh and boundary condition
The studied structure corresponds to a radial piece of cylindrical internal containment with angle of 4.5° which contains pedestal, raft, gusset and interior wall. It was modelled using a 3D mesh with 13, 178 cubic elements. The particularities of this structure are also considered such as prestressed duct in order to see its impact on the cracking. The 3D mesh of the entire structure and the detail of thermal and mechanical boundary conditions are summarized in Fig. 2 . In this figure, it can be seen that each component of structure is casted at different stage. And this particular care was also taken when modelling the concrete structure in order to ensure good thermal boundary conditions. The initial temperature of concrete casted at each stage is considered as the initial condition. The daily variation of external temperature was used directly in our thermal modelling as a convective boundary condition. During the formwork of each stage, the equivalent convective coefficient of the formwork was used and it was evaluated by means of a serial model. After formwork removal, only the free convective coefficient which was estimated due to wind and given in the project was used. Particularly as this mock-up was built at 1/3 scale, the gusset was heated intentionally to accelerate the drying of the concrete in order to obtain the more representative behavior of real reactor.
Concerning mechanical boundary conditions, the vertical displacement of pedestal was fixed and the two lateral surfaces of entire structure were blocked in their normal direction.
Thermal result
Considering the equivalent and free convective coefficients for the period of formwork and the external temperature variation plus the heating condition at gusset, the thermal results of modelling are in good agreement with the experimental measurements (Fig. 5) .
The hydration model used in this study was further validated previously on other structures ( [3] , [6] , [11] ) and the comparison with the experimental results was only conducted to ensure that the THCM loading was correct. 
Mechanical result
The numerical results obtained from the THCM modelling were successfully compared with experimental results, and the results of crack patterns of gusset were presented in Fig. 6 . This configuration can illustrate clearly the influence of reinforcement through the difference in the crack pattern of concrete and reinforced concrete that were reproduced by adapting the distributed reinforcements. Fewer, but more open, cracks existed for concrete structure, which show the structural effect of reinforcements on the crack patterns. Beside this, we note the cracks occurred preferentially face to the prestressed duct, which shows the impact of the prestressed ducts on the crack patterns. Last but not least, the crack patterns from numerical model are also globally well reproduced in comparison to the experimental results (vertical crack patterns) observed on mock-up Key Engineering Materials Vol. 711 905
VERCORS. According to observation on the intrados of gusset, there is the heterogeneity of cracking but they are more open at level -0.33m, which is in agreement with the numerical results. For the extrados, the crack width was more important near the middle which is also similar to the numerical results.
(a) (b) Fig. 6 : Comparison of crack pattern of (a) concrete and (b) reinforced concrete, at 5 days after pouring
Conclusion
The work presented here was about a numerical approach based on THCM model which enables a prediction of behavior of reinforced concrete structure at early age. This model was applied to a real massive structure VERCORS.
A good prediction of the temperature evolution in the gusset was obtained. Then, the numerical applications were tested on the structure with the same thermal loading but different reinforcement (zero and real steel ratios). It highlighted the interest of modelling the distributed reinforcement without explicit meshing of reinforcements. It allowed to consider the structural effects of reinforcement as the reproduction of the different cracking pattern of a concrete structure. Moreover, these applications mentioned the implementation of Weakest Link Localization to consider the probabilistic scale effect due to the material heterogeneity of massive structure which was also the case for mock-up VERCORS.
